Membrane proteins have crucial roles in signaling and as anchors for cell surface display. proper secretion of a membrane protein can be evaluated by its susceptibility to digestion by an extracellular protease, but this requires a crucial control to confirm membrane integrity during digestion. this protocol describes how to use this approach to determine how efficiently a protein is secreted to the outer surface of Gram-negative bacteria. Its success relies upon careful selection of an appropriate intracellular reporter protein that will remain undigested if the membrane barrier remains intact, but that is rapidly digested when cells are lysed before evaluation. reporter proteins that are resistant to proteases (e.g., maltose-binding protein) do not return accurate results; in contrast, proteins that are more readily digested (e.g., sura) serve as more sensitive reporters of membrane integrity, yielding more accurate measurements of membrane protein localization. similar considerations apply when evaluating membrane protein localization in other contexts, including eukaryotic cells and organelle membranes. evaluating membrane protein localization using this approach requires only standard biochemistry laboratory equipment for cell lysis, gel electrophoresis and western blotting. after expression of the protein of interest, this procedure can be completed in 4 h.
IntroDuctIon
Cell surface-associated membrane proteins represent a diverse superfamily of proteins that enable a cell to sense and interact with its environment. Moreover, several of these proteins have been adapted to display novel protein functions on the surface of Gram-negative bacteria for cellular engineering, in vitro evolution and biotechnological applications 1, 2 . The structural and functional features of these proteins are therefore of intense interest. However, before beginning an in-depth characterization of a membrane-associated protein, it is first necessary to confirm its secretion to the cell surface, thereby ensuring its availability to bind substrate molecules and binding partners.
Extracellular protease digestion is routinely used as a quick and straightforward method for ascertaining the successful integration and surface exposure of membrane-associated proteins in live cells [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The idea is that the protein of interest will be accessible to the protease if it is displayed at the cell surface, but it will be resistant to protease digestion if it is trapped behind the membrane (Fig. 1a) . Protease digestion is a particularly valuable approach for determining membrane protein localization when the protein of interest lacks an easily assayed enzymatic activity or binding partner. This assay is suitable for analyzing either overexpressed or naturally occurring proteins. It requires only antibodies specific to the protein of interest and an appropriate intracellular marker protein (described below), as well as standard laboratory equipment for PAGE and immunoblotting. In contrast to many other methods for assessing membrane protein localization, including immunosorbent assays of the accessibility of an epitope tag 18 and microscopy approaches for visualizing an added fluorescent protein domain 15, 16 , testing membrane localization via protease digestion does not require covalent modification of the protein of interest, thereby reducing the complexity of the assay and avoiding potential effects of these covalent modifications on membrane localization and/or protein function. Indeed, protease digestion provides a convenient method for testing to what extent, if any, the covalent modification of a membrane protein affects its localization.
Typically, membrane protein localization by protease digestion involves subjecting cells to digestion with a nonspecific protease such as proteinase K (proK) 4, 5, 10, 14, 17, 19, 20 . Accurate interpretation of the results from this assay requires that the cell membrane(s) remain intact during protease digestion, blocking access to intracellular components (Fig. 1b) . The resistance of a known intracellular reporter protein to protease digestion serves as an important control for the integrity of the membrane. For testing successful secretion of proteins to the extracellular surface of Escherichia coli, the periplasmic protein maltose-binding protein (MBP) has often been used as this reporter 4, 10, 19, 20 . However, to serve as an accurate reporter of membrane integrity, the protease resistance of the selected intracellular reporter protein must be low. If the reporter is highly resistant to degradation, it will remain intact even when the integrity of the outer membrane (OM) has been compromised, enabling the protease to gain access to the other side of the membrane, where it can digest improperly localized forms of the protein of interest and lead to inaccurate conclusions regarding its localization (Fig. 1b) . This scenario is of particular concern when other aspects of the experimental design predispose cell membrane(s) toward destabilization, including cell envelope instability caused by the addition of β-lactam antibiotics 21 in order to maintain an expression plasmid bearing AmpR. A simple-but surprisingly often overlooked-positive control experiment, to ensure that the reporter protein is rapidly degraded after intentional membrane disruption, is required to determine the digestion conditions under which the selected marker protein provides accurate information on membrane integrity.
Here we provide a detailed protocol for determining extracellular localization of a membrane protein of interest, including the selection and testing of an appropriate intracellular reporter protein. We show that although E. coli MBP has often been used as a reporter for the integrity of the bacterial OM during extracellular protease digestion it is highly resistant to digestion by both proK and trypsin, a common protease used in proteomics and other mass spectrometry approaches. Hence, using MBP as an intracellular marker protein can lead to inaccurate conclusions regarding OM membrane integrity. However, other less stable periplasmic proteins, including SurA, more accurately report on the integrity of the OM and therefore lead to more accurate conclusions regarding membrane localization of the protein of interest.
A simple positive control experiment, in which cells are lysed before protease digestion, can determine whether a selected intracellular protein is suitably protease sensitive for use as a marker protein. Although including this control experiment might appear obvious, it is nevertheless missing from a substantial fraction of published studies, leading some subsequent studies, which probably developed protocols based on earlier published accounts, to inadvertently perpetuate this omission. Selection of an intracellular marker protein that is more protease sensitive than the membrane protein of interest is a universal requirement for accurate interpretation of protease-accessibility assays. Hence, the general strategy described here, including the control experiments to evaluate the protease susceptibility of the selected intracellular reporter protein, also applies to membrane localization studies in other systems, including eukaryotic cells and organelles.
It is important to note that even when carefully controlled, this assay cannot provide precise structural information on the integration of a protein into the membrane (single-spanning versus multispanning versus lipid-anchored, positions of the amino and carboxyl termini with respect to the membrane, etc.). However, an accurate assessment of the display of the membrane protein on the proper face of a cell membrane is an essential prerequisite before launching a more precise structural analysis, which might include using an epitope-mapped panel of monoclonal antibodies or other approaches 3 to identify surface-exposed portions of the membrane protein. Proper selection of an intracellular marker protein to ensure membrane integrity during protease digestion is also an essential component of mass spectrometry approaches for accurately identifying the subproteome of naturally occurring cell surface proteins 22, 23 . This will lead to digestion of both extracellular and intracellular forms of the protein of interest, but they can be detected by digestion of a proteasesensitive reporter protein (blue). However, if the selected reporter protein is highly resistant to degradation (purple), it will remain resistant to digestion regardless of membrane integrity, leading to the erroneous conclusion that the OM remains intact and all of the protein of interest resides at the cell surface. IM, inner membrane. 
MaterIals

REAGENTS
Powdered dry milk (PDM; Sigma-Aldrich, cat. no. M7409) Primary antibodies specific for the protein of interest and the intracellular marker protein. We illustrate the protocol using rabbit anti-YapV and mouse anti-SurA polyclonal antibodies described previously 8, 24 Appropriate enzyme-conjugated secondary antibodies. proceDure E. coli growth and protein expression • tIMInG 2 h for cell growth, and 1.5 h for protein expression and centrifugation 1| Use 2 ml of the overnight culture to inoculate 100 ml of fresh LB medium in a 250-ml culture flask supplemented with 50 µg/ml ampicillin (or other appropriate antibiotic). Incubate the flask with shaking (200 r.p.m.) at 37 °C until the culture attains A 600 = 0.5 (~2 h).
2|
Induce expression by adding 100 µl of 0.5 M IPTG to a final concentration of 0.5 mM IPTG. Continue shaking the flask at 37 °C for an additional hour.
3|
Divide the culture between two 50-ml centrifuge tubes, and collect the cells by centrifugation at 1,500g for 10 min at 4 °C. Decant the supernatant.  crItIcal step Do not use high-speed centrifugation, as this can lead to premature cell lysis.
protease digestion of intact cells and cell lysates • tIMInG 1 h 4|
To each tube, add 10 ml of protease buffer. Resuspend the cells by gently rocking the centrifuge tube.  crItIcal step Gentle rocking is required. More vigorous methods to resuspend the cells, including repeated pipetting, can lead to premature lysis. ? trouBlesHootInG 5| For one tube, sonicate it on ice for three cycles of 30 s on/30 s off. Other lysis strategies, including a French press or the Avestin C5 homogenizer, can be used in place of sonication.  crItIcal step To prevent thermal denaturation of proteins, sonication must be performed on ice. Avoid prolonged sonication, which can lead to sample heating.  crItIcal step The cell lysis control must be performed each time, to control for batch-to-batch and supplier-to-supplier differences in protease-specific activity.
6|
Prepare 270-µl aliquots of the resuspended cells into each of the four microcentrifuge tubes, labeled proK 0, proK 10, proK 25 and proK 100 (corresponding to 0, 10, 25 and 100 µg/ml proK). Repeat this step for the lysed cells. 10| Incubate the tubes for 30 min at RT with gentle mixing every 5 min, and then add 20 µl of 0.1 M PMSF and mix gently. Incubate for an additional 5-10 min.  crItIcal step The protease must be completely inactivated with PMSF before proceeding to SDS-PAGE. ProK remains active up to 70 °C and in 2% (wt/vol) SDS; these conditions can destabilize membranes and therefore grant remaining active protease access to intracellular proteins. Moreover, as cellular proteins are denatured by heating and incubation in SDS, they will become more susceptible to protease digestion, which complicates the interpretation of results.
? trouBlesHootInG 11| For tubes with intact cells, centrifuge them at 1,500g for 10 min at 4 °C. Discard the supernatant, add 300 µl of 50 mM Tris, pH 8.8, and resuspend the cell pellet.  pause poInt Samples can be stored indefinitely at −20 °C, or proceed directly to SDS-PAGE and western blotting.
sDs-paGe and western blot analysis • tIMInG 2.5-3 h 12| Prepare 100-µl aliquots of each sample into a fresh tube. Add 100 µl of 2× SDS loading buffer and boil at 100 °C for 10 min.
13| Load a portion of each sample onto two 4-20% (wt/vol) gradient precast polyacrylamide gels and run them at 175 V for 45 min. One gel will be used to detect the protein of interest; the other gel will be used to detect the intracellular marker protein.
Load a third gel in order to compare the performance of a second intracellular marker, as shown in Figure 2 .
14| Assemble blot transfer 'sandwiches', which consist of each gel plus a nitrocellulose membrane, according to the manufacturer's directions provided for the Trans-Blot Turbo nitrocellulose transfer kit and the Trans-Blot transfer system. Alternatively, other western blot transfer systems can be used, although the blotting procedure may take longer.
15|
Incubate the membranes in 5% (wt/vol) PDM in TBST buffer for 10-20 min.
16| Prepare 20 ml of each primary antibody in 2% (wt/vol) PDM in TBST buffer at an appropriate dilution for western blotting. Incubate each membrane in its respective primary antibody solution for 45 min, with gentle rocking at RT. 17| Wash each membrane three times with ~30 ml of TBST buffer (3-5 min per wash).  crItIcal step Make sure that the membranes are thoroughly washed to remove all unbound primary antibodies.
18| Prepare 20 ml of an appropriate secondary antibody in 2% (wt/vol) PDM in TBST buffer at a concentration that is appropriate for western blotting (1:20,000 dilution of the AP-conjugated goat anti-rabbit IgG and AP-conjugated goat anti-mouse IgG used here). Alternatively, horseradish peroxidase (HRP)-conjugated secondary antibodies (and appropriate detection reagents) can be used.
19|
Incubate each membrane in its respective secondary antibody solution for 30 min, with gentle rocking at RT.
20|
Wash each membrane three times with ~30 ml of TBST buffer (3-5 min per wash).  crItIcal step Make sure that the membranes are thoroughly washed to remove all unbound secondary antibodies.
21|
Develop the blot by incubating the membrane with AP buffer with NBT and BCIP added.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• with proK up to 100 µg/ml or trypsin up to 200 µg/ml; these concentrations are well within those used in published studies. These treatments resulted in digestion of full-length YapV, whereas the periplasmic reporter protein MBP remained intact (Fig. 2a,b) . The standard conclusion from this result would be that YapV is exposed on the cell surface. However, we observed that MBP remained insensitive to protease digestion even when E. coli were lysed by sonication before protease treatment (Fig. 2a,b) . Hence, from the MBP control alone it would be impossible to determine whether YapV is located at the cell surface or within the periplasm (Fig. 1b) . Indeed, digestion of intact E. coli with 100 µg/ml proK also resulted in marked digestion of YapV45, a truncated, secretion-incompetent version of YapV that remains within the cytoplasm 8 , indicating that treatment with 100 µg/ml proK led to permeablization of both the OM and the bacterial inner membrane, despite leaving MBP unaffected (Fig. 2a) . We found that MBP remained insensitive to digestion even at higher protease concentrations (up to 400 µg/ml proK, used in some published studies), even though the cytoplasm-localized YapV45 was completely digested under these conditions (Fig. 3) . These results underscore the crucial importance of analyzing the degradation of the selected marker protein in lysed cells as a positive control for loss of membrane integrity.
To test whether the resistance of MBP to protease digestion was specific to E. coli BL21(DE3)pLysS, we repeated this analysis using six additional E. coli strains (DH5α, HB101, KS272, KS474, MG1655 and UT5600). For each strain, there was no significant digestion of MBP even when cells were lysed by sonication before proK treatment (Fig. 2c) . These results underscore the unsuitability of MBP as a marker for OM integrity for assays involving the protease treatment of intact cells.
In contrast, other intracellular proteins that are more susceptible to protease digestion are better suited to report on the integrity of the OM. By using the same approach as described above for MBP, we found that the periplasmic chaperone SurA was protected from protease digestion within intact cells (Fig. 2) ; however, unlike MBP, SurA was completely digested at even the lowest protease concentrations when cells were lysed by sonication before protease treatment. Hence, because it is more susceptible to protease degradation, the periplasmic protein SurA can serve as a more sensitive and accurate reporter of OM integrity.
Interestingly, for cells expressing surface-exposed YapV, SurA was partially digested after treatment with proK or trypsin at concentrations >10 µg/ml (Fig. 2a,b) . This partial digestion of SurA was not observed for cells expressing the empty vector or the cytoplasm-localized construct YapV45, indicating that expression of the outer membrane-tethered YapV renders the OM more susceptible to destabilization upon protease treatment. However, reducing the proK concentration to 10 µg/ml led to the digestion of only the surface-exposed YapV, leaving SurA intact (Fig. 2a) .
These results demonstrate the importance of selecting a protease-sensitive protein as an intracellular reporter during digestion of intact cells. For example, proK concentrations of 100 µg/ml and higher led to the digestion of an unstable protein localized within the cytoplasm (YapV45, Fig. 2a) , an effect that would have gone unnoticed had we simply checked for digestion of MBP or SurA, both of which are more resistant to protease digestion. Most importantly, when testing for surface display of a protein on live cells, it is imperative to confirm the integrity of the cell membrane(s) after protease digestion by demonstrating that the selected intracellular reporter protein does indeed become susceptible to protease digestion when cell membranes are intentionally disrupted before protease treatment. This consideration applies regardless of the cell type and/or membrane protein being analyzed. Figure 3 | MBP is resistant to proK digestion even at high (400 µg/ml) proK concentrations. E. coli BL21(DE3)pLysS cells expressing the indicated constructs were treated with proK at the indicated concentrations. For intact cells treated with 400 µg/ml proK, the cytoplasm-localized YapV45 is completely digested even though the periplasm-localized MBP remains largely intact.
